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TITLE 

£0001] ION MOBILITY SEPARATION DEVICES 
OtOSS-REFERENCE TO RELATED APPLICATIONS 

[0002] This Application claims the benefit of U. S. Jhrovi^onal Patent Application No. 60/449,080 

S filed 02^2/2003 which is incoq)onited by reference herein in its entirety. 

STATEMENT REGARDING FEDERAIXY SPONSORED RESEARCH OR 
DEVELOPMENT 

[0003] Not relevant. 

REFERENCES TO SEQUENCE USTING, TABLES OR COMPUTER PROGRAM 
10 LISTING APPENDIX ON COMPACT DISK 

[0004] None. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

[0005] This invention generally relates to a method and apparatus for sizang and classifying ions 
15 suspended in gas based on thdr ion mobility. 

2. Description of the Related Art 

[0006] The separation and/or sizmg of ions according to thdr different mobilities is vnddty used 
for a variety of applications. There term "ion" is used here to include not only molecular ions but 
also diaiged partides. Devices that separete ions by thek ion mobilities (Z) will be referred to 

20 here as "Mobility Analyzers" (MAX even though theu* use n^^ Separation of 

ions m time (SIT) can be achieved in pulsed ^stems by use of just dectric fields. This is the most 
commonly used technique for ion separation in a gas. Separation in space (SIS) is typica% 
achieved by combming electric and fluid flow fields. SIS mobility analyzers have the advantage of 
being able to yield monomobile ion fi-actions which are steady rather than pulsed, and are, 

25 th^efore, best suited for finther use downstream in other instruments. SIS mobility analyzers 
have been most successfid in aerosol separation m the ranges between 1 0 and a few hundred nm. 
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but is now suitable also to cover the l-lQnm range at resolutions as high as those typical of the 
best SIT instruments for ion analysis. 

(0007] This mveittion desoibes some novel designs for SIS type mobility analyzers. Common to 
all SIS instruments, a small flow of ions is mtroduced through a narrow slit or small orifice (the 
5 "Met") into a mudi larger lammar flow of sheath gas within a r^on vAi&e the ions move under 
the simultaneous action of the sheath gas velocity field (U(x)) and the electric field (E(x)X ^ere 
X is the vector determining position. The sheath gas flow should be substantially ion fi<ee. The 
flow and electric fields are arranged so as to separate the ions by thdr mobilities {Z). The ion 
mobility is related to the difiEusivity(p) of the ion by equation 1: 

10 

Equation 1. Z-DNe/(kT) 

where e is the elementary charge, N is the total number of charges on the ion, K is the Boltzman 
constant and T is the absolute temperature. 

15 

[0008] The r^on in which the separation occurs is referred to as the "Anafymig Re^cm." The 
pathfollowedby the ions in this analyzing region is a direct fimctionofthe ion's mobility. The 
tOTn "trajectory" is used here to mean the average path followed by ions with the same Z. 
Individual 2-ions may deviate fi-om this average path due to diflBision or spslce diarge eflfects, but 

20 the average of all the paths fi>llowed by the Z^-ions would be the trajectory of the k-ions. The 
tngectories of very low mobility ions tend to follow the sheath gas flow field ("flow fidd") while 
the trajectories of veiy high mobility ions tend to follow the electric field. The trxyeCtories of 
moderate motnlity ions are in between these two extremes. After separation, a small flection of 
tiie separated ions pass into an "CXrtlet. " This outlet may be other a second s&t or orifice through 

25 whidi the ions are extracted or a well defined r^on m which the ion charge is collected. While 
small flow of' gas usually accompanies the ions as they are injected into and/or extracted firom the 
analy^g region, ions may be introduced into or extracted by purely electric means, without a net 
flow of gas, as for example in the inlets of Strydom R., Leuschner A.H., Stoker P.H. (A Mobility 
Spectrometer forMeasurment of Initial Properties of Po-218, Journal of Aerosol Science^ 21 

30 (7): 859-873 1990). Whether an ion is physically extracted fi-om the outlet or extracted bt 
electrical means, the ion is said to be collected at flie outlet. MA devices are usually of one of 
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two types: differential or cuinulative. Differential mobility, analyzes (DMA) are deagned so that 
ions of different mobilities strike the boundary of the analy:^ re^on at points ^di are 
depmlent on the ion mobility. An outlet is positioned so that ions witiiin a narrow range of the 
deared mobility are collected. Cymulative mobility analyzers (CMA) are designed so all or a 

5 relative^ wide range of ion motnlities above or below a certain oitical value reach tiie outlet. 
[0009] One goal of MA devices is to spatially s^arate ions of amilar mobilitira by the greater 
posnble distance. The ions move along thdr tngectories in the analyzang region witii a cotain 
velodty. The velodty of an ion is a function of the local vahieS of U(x) and E(x). Figuiie 1 is a 
schematic drawing of a common prior art MA. This MA consists of only two paralld conducting 

10 plates: a top plate (1 10) and a bottom plate (120). These plates will be referred to as elements. 
The prior art device, tho-efore, has onty two dements: the top element (1 10) and the bottom 
dement (120). The term "dement" can be used interchangeabfy witii the term "dectirode." 
[0010] A voltage difference (Ve) is placed on tiie t(q) plate wiili respect to the bottom plate so 
that the E(x) fidd is perpendicular to the plates and acts to push the ions fixnnthe top plate to the 

15 bottom plate. Sheath gas (ISO) passes from riglit to left between the plates so the U(x) field acts 
to push the ions parallel to the plates fix>m right to left. Hence in this prior art MA, E(x) and U(x) 
are perpendicular at all points. 

[0011] In order to analyze the performance of MA devices, it is convenient to work in terms of 
the 

20 dimensionless quantities as expressed in equation 2 a-f: 

Equation 2a Ui = Ui/Uc 

2b Ug = Ug^o 

2c E* = E/(V«/L) 

25 2d V* = VA^c 

2e K = ZVc/(UcL) 

2f x*=x/L 

yAiiae tJc is a diaracteristic dieath gas vdodty, and L and Ve are the characteristic length and 
30 voltage difference, lespectivety. A convenient value of Uo is the average sheath gas vdodly into 
the anafyzang r^oa The dim^inonless ion vdodty may be written as equation 3: 



Equation 3 . ui (x*)= u, (x*)+ K E*(x*) 
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For calculation purposes, if it further assumed that the shealh gas flow is ideal, in the sense that 
both the Ug(x*) and E*(x*) vector fields given by the gradient of a scalar poteitial governed by 
the L^lace equation. So, in order to explore various MA designs one needs an eflfident way of 

5 sohang the Laplace Equation. A angularity method was used in this work. In this method, N 
Angularities (line angularities for 2D; ring and/or point angularities for axi-^rmmetrical) are 
portioned outside o^ but close to the analyzing region. N equations for the N unknown 
angularity source strengths aie (ffovided by i^edfying the boundary conditions at 
boundary oftheanalyzjng region. The N simultaneous linear equations are then solved for the N 

10 unknown angularity strengths. Two calculations are required, one each for E* and Ug. The 

Laplace equation nnist be solved subject to a set of boundary conditions for a given device. In the 
case of E*, the voltage is usually spedfied for the various elements. The boimdary conditions for 
flow fidd require that a there is a certain flow rate into the analyang r^on and tiie walls of the 
anafyang region are in^enetrable to tiie gas except at inlets and outiets \vb.&[& there may be a net 

15 flux of gas. Knowing^ese singularity strengflis, the field (E*(x*) or Ug(x*)) at aity point inade 
tiie analyang region can be found by sup€rinq>o£Hng the fidds of the Nangulariti^^ Wiulea 
angularity method was used in the woric that follows there are maiqr wajw of solvmg the L^lace 
Equation known to those skilled in the art. The particular metiiod of sohxtion is not germane to 
the invention. Suffice it to say that by solving the Laplace Equation in dimenaonless form uang 

20 the above dimensionless quantities, the trajectories of ions with various mobilities can be traced 
through the analyzong region starting at the inlet in e3q)lidt terms of K mstead of Z. The 
trajectories are calculated by repetitive use of Equation 3 as follows. The vdodty at the inlet of 
an ion with a ^ven K is first calculated by evahiating the E* and Ug at the inlet point and ^plying 
Equation 3 . The ions are then allowed to move to a new point a small distance in the direction of 

25 thehdetionvelodty. E* and Ug are then calculated at tins new pomt and anew Ui is found firom 
Equation 3. The ion thai moves a short distance based on tiie new ui and the proc^ is repeated 
until the ion strikes a waO, an outiet or passes out of the anatyang r^on. Knowing the inl^ 
width and flow rate, and tiie outiet width and flow rate the range of K (AK) for ions that can be 
collected at the outiet can be determined for any configuration of a device. 
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[0012] The ion tr^ectories (160) are ^own as solid lines emanating fiom His inlet (130) for tiie 
J»rior art DMA in tenns of K in Kgure 1. An ion mobility spectium is produced by mmuring the 
aigiml (cutrait) of ions reaching the outlet (140) as a fimction of the voltage diflference (Vc) 
b^wera Ihe plates. In Amenaonless tenns, sw^ a mobility spectnm can be cas^ 

5 "Transmis^on" as a fimction of K IlietrananisaoniseiqvessedinteTmsoftheperoaitageof 
iom of a certain K iiqmt into tiie MA.Ti<^(^ can ceacli tiie oudet and is indq)^ 
input oftfaese ions at the inlet lliesagnalmlheumniotHlityf^ectniniwouldtiienbepio^ 
totiieniteofinputofK-ionsnnildpliedbytiietransnusaonQfthatK-ion. The reason fin* u^ 
dimenaonless <piantities in tins analysis is Aat \idiile E(x) varies with Vc, E* is a fimction only of 

10 the device geometry. The ctimendonless voltage (V*) has a vahie of 1 on the top plate (1 10) and 
0 on the bottom plate (120). After calculating the ion trtyectories in terms of K, we find that ions 
within a small range of a certain K, called Kq, can reach the outiet. The corresponding vahies of 
icm mobilities tiiat can readi the outlet (2^,) are fiiund by inverting E(p. 2d 
Equations Zo= KoUcL/V. 

Hraice, once Ko is determined^ the ion mobilities that reach the outiet can be caloilated for a ^en 
voltage difference betweoi the plates (Ve). 

[0013] In Figure 1, the ions follow trajectories (160) firom the mlet (130) on the top plate (1 10) to 
20 the bottom plate (120). The slope of the tngectory line deo-eases witii decreanng ion mobility. 
Ifence, high molality ions strike the bottom plate upstream from the lower mobility ions. The 
outiet (140), located on the bottom plate (120), is portioned to collect ions of the desired 
motnlily. 

25 [0014] A mobilily spectrum may contain one or more peak^ conesponcBng to eadi of the i<m 
spedespresCTt in the inlet sample. The perfi>nnanceofa device is expressed in terms of 
Resohition (Res) per equation S: 

Equati(mS. Res-Z„em/AZ 

30 wheie Zmm is tiie mobility corresponding to the center of a ^ven peak. For DMA's, AZ is the 
widtii of the peak at half the hdg^ of the peak. For CMA's AZ is the Z-difiference between no 
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signaland fiiUsignaL Altemativety, the resolution can be exj^ 
Equations. R^^Kmean/AK 

5 Where Km^a is the value of K at the center of a peak. For DMA's, AK is the width of the 

transmission peak at half-height. For CMA's, AK is the K-diflference between no transmission and 
fidl transmission. The resolution may also be expressed as the inverse of the definitions given 
above. This inverse resolution (EKes) is expressed as in equation 7: 
Equation?. IRes=100/Res 

10 [0015] The larger the value of Res, the smaller is the value of IRes. So a high resolution would 
mean a small IRes. It is dearable to have the resohition as high as possible. In other words^ it is 
dearabletohavethewidthatha]fhdghtofapeak(AZ, AK)tobeassm^ Ifthe 
resohition is low, it is possible that when two ions witii wnHar mobilities are present, tiidr ion 
mobility spectrum peaks may be so close that they merge into a snngle peak and tiidr individyal 

15 identities would not be detected. A high resohition device, on the other hand, would be able to 
show, or resolve, the two peaks, making idratification of the individual ion species easier. The 
resolution of a device is affected by several fectors including the widths and flows of the inlet and 
outiet, ion spread m the analysing re^on resulting from difiiidon and sheath gas irregularities 
such as turbulrace and boimdaiy layer effects. As was shown in Rosell-Llompart et al., 

20 Minimization of tiie difiiisive broadening of uttrafine particles in differential mobility analyzers, in 
Syntiiesis and Characterization of Ultrafine Particles, pp. 109-1 14 (1993), it is desirable to have 
the sheath gas flow rate as hig(h as possible m order to minimize difiKisdon spreading and boundary 
layereffects. Therateof sheath gas flow is usuafly characterized by the Reynolds Numb w 
Equations Re =2LUg,ave/v 

25 Where v is the kinematic viscosity of the gas and Ug,ave is the average gas velocity in a channel. 
A high sheath gas flow rate means the Reynolds nxunber should be as high as possible to minimize 
diflSisbe effects. There are, however, Ihnitations on the maxhnum sheath gas flow rate before the 
onset of tuibulence. Achieving higih Reynolds number flow without turbulence is diflBcuh. de Juan 
and de la Mora (J. Aerosol Sd. 29, 617-626, 1998) showed how to achieve Reynolds numbers as 
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high as 5000 in a device similar to th^tt disclosed by Winklmair, et.al., ANew Electro-mobility 
Spectrometer for the MeasurCTient of Aerosol Size Distributions in the Size Range from 1 to 
1,000 Nanometers, J. Aerosol Sd., Vol 22, pp 289-296 (1991). Some aspects of achieving high 
Reynolds numbers while avoiditig turbulence were disclosed by de la Mora, et.al in U.S. patent 

S No 5,869,83 1 and U.S. patCTt No. 5,936,242 by reducing perturbations in the inlet sheath gas 
flow by using stages of laminarizing screens and filters followed by rapid acceleration of the 
sheath gas prior to introduction into the analy2ang regioa Using this technique Rqrnolds numbers 
of the order of 35,000 were attained before the onset of turbulence. 
[0016] Tlie MA shown in Rgure 1 nmy be described as two dimensioiial (2D) becau^ 

10 analyzing region is between two parallel plates. An alternative to this 2D design is one in vMch 
the top and bottom plates are replaced by conc^itric cylinders. This altemative design is called 
"{Ki-symmetric" (AS) because it is synmietricaiabo^ The 
tngectoriesoftheioiisintheASdes^nareschemiaticallythesam^ It 
should be noted that in tiie prior art MA devices all ions within the analyang r^on move 

15 continuously from the top plate to the bottom plate. This means that the velodties of the ions, 
as they move along their tr^ectories, are at all points in the analyzing region greater than zero. 

[0017] A few previous authors have investigated non-traditional MA configurations with the goal 
of achieving certain desirable operational advantages. Loscertales , Drift Differential Mobifity 

20 Analyzer, J Aerosol Sd., Vol 29, ppl 1 17-1139, 1998 described a DMA device m which an 

electric field antiparallel to the fluid flow is unposed in addition to the traditional transverse field. 
The main novelty of the Locertales device stems from the &ct that it substitutes the traditional 
two-element DMA geometry fay one with effectively an infinite number of infinite^bcnal elements. 
In the particular case where the electric and fluid flow fields are both spatially uiiifi>nn 

25 Loscertales demonstrates the possibility of angulariy high resolvmg powers. His de^gn uses two 
sur&ces supporting constant tangential electric fields rather than constant voltages. A working 
device based on the Loscertales prindples, however, has yet to be built. Tammet, The Limits of 
Air Ion Mobility Resohition, Proc. 1 1^ Int. Conf Atmos. Electr., NASA, MSFC, Alabama, 626- 
629,1999, described a workmg device caUed an Indined Grid MobiUtyAiialyzerP^ 

30 attempt to sunulate the fields ma Loscertales DMA. In the ICMA, the sheath gas passes through 
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two indined electrified screens tiiat are held at diflferent voltages. The voltage on the screens 
generates the electricdfidd for the analydi^ region located between the The 
int^erence of the sheath gas flow as it passes dirough the soeens, however, produces a 
complicated aerodynamic flow (turbulence) which is one of the shortcomings of the device. The 
screens in the Tammet device are what nmy be caUed perturbing sere Aperturbmgsoreenis 
one m which mtroduces turbulence in the anatyang region. A non-perturbmg screen is one which 
is downstream of the analyiang region or is in a position upstream of the analyzing region where 
the sheath gas flow channel has a wider area and substantially smaller Reynolds Niraiber, so 
turbulence is not gaierated or if turbulence is generated it decays substantially downstream of the 
screen arid has little ifaity affect in the analyzing region. The Tammet device has a large voltage 
jmap at the inlet resulting in sigmficant losses of ions before fliey can ent^ the analyzing regioa 
To moderate these losses, Tammet uses an mlet opepmg that is much wider than is typical for the 
traditional MA devices such as that shown m Figure 1. Indeed, if the inlet m the Tammet device 
were narrow, that is shnilar m width to those in traditional MA devices, few if sny ions would be 
able to enter the analyzing regioa With a few other relevant exceptions (Plagan, R. C. and 
Zhang, S.feL, 1997, Radial differential mobility analyzer, US patent 5,596,136; J. Fernandez de la 
Mora, Diflfiision broadening in converging differential mobility analyzers, J. Aerosol Sdence, 33, 
41 1-437, 2002), traditional DMA analyzing r^on designs have tended to be limited first 
geometrically, to parallel or coaxial cylindrical geometries. Second, except for Loscertale's Drift 
DMA, wMdi is stiU only conceptual, ahnostafl DMA designs involve two eleme^^ Third, 
the ion inlet and outlet have always been located in different elemeqts. From these later two 
restrictioiis alone two serious conq>ficatuig features foUowmevita^ Ifa voltage difference 
between the clients is necessary to establish a field in the ana^fzing region, while the inlet is m 
one electrode and the outlet is located on the other, tiie inlet and outlet lines need to be at 
different voltages. This then precludes carving the analyzing region of the DMA fi-om a smgle 
piece of metal, which would be ideal for achieving a precise alignment. A second related problem 
is that the sampled aerosol is often at or near ground (such as in atmospheric sampling, or when 
sampling from aerosol generators that cannot be floated), while the aerosol detector often also 
needs to be at or near ground. Consequently, a hig^voltagejump needs to be inq>osed either on 
the mlet ot the outlet, and the associated fields lead to considerable sample losses, especially in 
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the nanometer aze range. This problem is particularly acute in cases involving the use of two or 
more MAs in tandem, ance the losses assodated to each voltage jump grow exponentially with 
the number of MA stages. Ihlight ofthis, it would be desirable to have MA devices in wttc^ 
voHage diflEemice between the inlet and outlet is as small as possble. 

5 

BmO SUMMARY OF THE INVENTION 

[0018] The prraent invention comprises a method and £^paratus for sq>arating ions suspended in 
gas in a mobility analyzer havingan inlet and an outlet said method compri^g the foUowmg 
steps: 

10 a) introdudng a stream of ions of mto an analyzing re^on through said inlet; 

b) introdudng laminar sheath gas flow into said mobility analyzer upstream fix>m said analyzing 
r^on; 

c) matntmning of Said laminar sheath gas flow as substantially laminar in the said analyzing 
r^on; 

15 d) providing an electrical field in said analyzing re^on wherein said electrical field is generated 
\fy elements charged to various voltages said elements bdng separated by junctions; 

e) uang the said laminar sheatb gas flow and the said electrical field to separate the ions by 
mobility in the said analyzing region; 

f) collecting said separated ions within in said outlet. 
20 The said elements separated by junctions have unique separation characteristics. For example, 

Devices which use said elements may have some or most of the following features: focusing of the 
sq>arated ions on the outlet; said inlet and the said outlet to be on the same element, or on 
different 

elements that are at the same, or nearly the same voltage; said outlet to be on the centerline/axis 
25 ofa 

device; said inlet to be on the centedine/axis ofa device; said outlet to be upstream of said inlet. 
The invCTtion also shows that the afifects of said elements may be augmented and/or sJmulated by 
the use of auxiliary flows of sheath gas. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] The figures below depict various aspects and features of fhe present inventioii in 
accordance with the teadiings herda 

[0020] Figure 1 is a schematic oross^sectional view of a common prior art device including ion 
5 trajectories. 

[0021] Figure 2 shows as a schematic cross-sectional view of a three draient device inchidiiig ion 
trajectories. 

[0022] Figure 3 shows the electrical fiddlines and flow field in a three draientdevi^^ 
[0023] Ilgure 4 shows fhe transmission as a fimction of K for various iplet ion flow fi:actions for a 
10 three element device 

[0024] Figure SA - D show schematic cross-sectional views of a element device including ion 
trajectories. 

[0025] Figure 6a shows a schematic cross-sectional view of a three element device with an 
auxiliary outlet flow. 

15 [0026] Figure 6b jshows a schematic cross-sectional view of a three element device with auxiliary 
outlet and auxiliary inlet flows. 

[0027] Figure 7a shows a schematic cross^sectional view of a two element device. 
[0028] Figure 7b shows flie fieldlines and flow fleld in a two element device 
[0029] Figure 7c-e show the trajectories m a two element device. 
20 [0030] Figure 8a-b Shows transmission as a fimction of K for various Qo values in a two element 
device a) Qi=0 b) Qi=l% 

[0031] Figure 9 shows the Inverse Resolution as a fimction of actual Voltage for a working two 
element device, \^ere one of the elements is a screen located suffidentiy upstream of the 
ana^^^ng section, and provided with a flow cross section substantially laiger than the flow cross 
2S section in the analyzing region so that the screen is non-perhubiiig. 

[0032] Figure 10 shows a schematic cross-sectional view and ion trajectories m an a^dal ion inlet 
device. 

[0033] Figure 1 1 shows a schematic <TOss-sectional view and ion trajectories in an axial ion inlet 
device with multiple junctions on the outer cylinder. 
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DETAILED DESCRIPTION OF THE INVENTION 

THREE ELEMENT DEVICES 

[0034] The present invention has many possible embodiments. The purpose of the following 
sections is to show a few of these embodiments wWch demonstrate how spedally configured 
elements can be used to obtained the desired charactaistics. Otibers embodiments should be 
obvious to those skilled in the art. Figure 2 shows one embodiment of the current invendoa The 
device shown is ^milar to the one shown in Figure l.K has atop plate (200) and a paralld 
bottom plate. In contrast to Hgure 1, the bottom "plate" has two elements (210,220). There is a 

10 voltage di£ferCTce between the bottom left (220) and bottom ri^ elements (210). A "junction" 
(250) separates the bottom left (220) and bottom right (210) elements and enables these elements 
to be at diffo-ent voltages. To be considered a junction, the junction nmad be su£Bdently near the 
analyzing re^on so the strong electrical fields near the junction affect the tr^ectories of the ions 
in the analysing re^on. Physically, a junction may be, for instance, a thin strip of insulating 

IS material or gap of suffident resistance to prevent arcing between the elements. A construction 
that generates large voltage jvanps near the inlet or outiet with the resulting loss of Zo-ions would 
not be considered a junctioa 

[0035] The device shown in Figure 2, therefore has a total of three elements: the top plate (200) 
20 and the left (220) and right (210) sections of the bottom plate and one junction (250). The 

characteristic length is L, the distance between the top and bottom plates and the characteristic 
voltage is the potratial difference between the bottom electrodes. This means if the top element is 
at ground, then the left bottom elraient (220) is at a dimensionless voltage (Vw*) of +0.5 and for 
the bottom right element(210) Vbr*= -0.5. The ion mlet (230) is on the top plate (200) upstream 
25 fi-om the junction (250) in the bottom plate. The potential difference between the bottom 

elements is such that an ion in the E(x)) field created by this potential difference acts to push the 
ions near the junction in a direction opposite to the sheath fluid flow. The percent ion inlet flow 
(Qi) is equal to the ion outiet flow percent (Qo) and tiie mlet (23 0) and outiet (240) are 
symmetrical above the jvmction. In this figure the distance between the inlet (230) and outiet (240) 
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is L. Lanunar sheath gas flows (260) into tite analy2ang region from right to left. Since the 
analysis is presented dimensionless terms, reference is made to K instep of Z. 

[0036] The solid lines (280;290) m Figure 2 are the trajectories of ions for various K (mobilities). 
The broken curve indicates a particular trajectory called the ion stagnation tnyectory. An ion 
stagnation tr^ectory is one that passes througih an ion stagnation point (270). Ions that follow 
this trajectory have a K designated as Ks . An ion stagnation pomt is created vAi&e the product of 
K apd the local dimensionless field strength is equal and opposite to the local flow field (K E*(x*) 
= -Ug(x*)) and the Ks-ion velophy goes to zero. The ion stagnation trajectory starts at the inlet 
(230) and goes to the ion stagnation point (270) vAiere it splits into two branches: one branch 
(275 A) leading to the outlet (240), the other branch (275B) leading to the bottom right element 
(210). The ion stagnation trajectory has the unique property 6f separating ions with K > Ks fix>m 
ions widi K < Ks. It is this separation of and low mobility (K) ions that makes the ion 
stagnation tnyectory and ion stagnation pomt important. Figure 1 cleariy shows two sets of ion 
trajectories Separated by the stagnation trajectory. One set (290) is for ions in which K > Ks- 
These ions do not reach the indicated ouflet (240) but strike the bottom right element (210). The 
other set (280) is for ions with K< Ks. The ions in this set (280) leave the inlet (230), traverse the 
analyzing re^on and are focused on the indicated outlet (240). The feet that all ions with K < Ks 
are focused on the outlet means that this device acts like a low-pass filter^ or a CMA. 

[0037] The focuiang effect observed may be understood by noting that ion tngectories are 
characterized by a constant vahie of the group ti(x) = ^ (x) + K A(x), where Y(x) and A(x) are 
the usual stream fimcdons for the flow and electric fields^ respectively. The ions that are reflected 
return to the original plate fi-om which they are raiitted, where ^(x) takes the same vahie as at 
injection. This coincidence holds independenfly of the ion mobility. For an ion of any mobility to 
be able to return to that plate A(x) must take the same value at the arrival point as at the injection 
pomt. But if both stream functions take the same value at the injection and the focusing point, 
then, the group tj is conserved for all ions independently of thdr mobility. In other words, if one 
ion returns td the plate where it was emitted, many other ions of different mobilities origmating in 
the same poiot can also return to exactly the same final point, hence the fi>cusing observed. This 



12 



wo 2004/077016 PCT/US2004/005133 

reasoning shows that ions of widdy diflGaing K can be fi>cused into one point, but it does not . 
show that all ions be focused. Indeed, ions with K > Ks cannot penetrate the junction plane 
because the vahies of T and A ontfaisplane (^60 Aj(y)) are such that for aiy point a 
distance y above the junction, ^(y) + K Aj(y) <> + K Ab, where "in" indicates conditions 
at the inlet. Hence, the ion cannot cross the junction plane. 

[0038] Figure 3 shows the dimensionless electric field as dashed lines (365) and the sheath gas 
stream as dotted lines (375) that exist in the device. The streamlines are parall^ to the plates and 
point in the direction of the indicated sheath gas flow (260) vAsSlo the field lines strike the top and 
bottom plates at 90 degree angles. The shapes of the fieldlines (365) are symmetrical about the 
junction plane. To the right of the junction (250), however, the fieldlines (365) tend to point fix>m 
the top plate (200) to the bottom right element (210) \^e to the left of the junction (250), the 
field points fix>mtiie bottom left (220) to the toi> element (200). M thereon between the inlet 
and the outiet, the dectric field lines (365) and the streamlines (375) cross at vaiyii^ In 
the vidnity of the mlet, the electric field is nearly perpendicular to the streamlines, pulling the ions 
into the flow and away fi-om the inlet. In the center of the analyzing re^on near the junction 
(250), the electric field is anti-parallel to the streandmes. Near the indicated ouflet, the electric 
field (365) is again nearly perpendicular to the streamlines (375), but acts toward the top plate 
and, thus, pulls the ions towards the outiet (240). The changing of the electric field with position 
indicates that the direction of the electric field varies within the analyzing region and is not always 
perpendicular to the flow field. 

[0039] Figure 4 shows the Transmission curves fi3r the above three element device for various Qi. 
Qi is the flow rate through the inlet as a percentage of the total sheath gas flow rate. As can be 
seen fi'om this figure, for small values of Qi, the transition fi-om no transmission to fiill 
transmission is abmpt and occurs over a small incremrat of K, indicating good resolution. For 
example, the resolution, as defined in Eqa(3), for Qi = 0.25% is 260. As Qi increases, the 
tiandtion occurs over a wider increment of K and the resohition, therefore, decreases. The 
resolution is 75 for l%and35for Qi-2%. The deorease in resohition with increasing inlet 
flow is a reflection of the increased ion spread at the inlet due to the increased inlet flow. 
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[0040] The device shown in Figure 2, therefore, has at least five features not found in the 
traditional DMA of Rgure 1: 1) the presrace of an ion stagnation point 2) The outlet is on the 
same elemCTt as the mleL 3) the ions are focused on the outlet. 4) the electric field and the sheath 

5 gas flow vectors cross are varying angles within the analyang r^on S) the outlet is at the same 
potential as the uilet AdeviceinwMditheinlet and outlet are at the same voltage (electrical 
potential) and where the ion trajectories going firom the mlet to the outlet do not travel through 
the vicinity of a junction will be referred to as an isopotential device. Isopotential devices 
represent an in^ortant class of MA's for several reasons. First, thdr use is not limited by prior 

10 patents, which have typically required a voltage difference between inlets and outiets. Second they 
avoid outiet losses assodated with voltage jumps^ which makes them ideally suited for use of one 
or several MA devices in tandem widi other MAs or even witii other instruments sudb as amass 
spectrometer for fiirther anatyds of the effluent While the device shown in Figure 2 was 2D an 
analogous axi-symmetrical (AS) device can also be &shioned by rq)ladng the paralld plates with 

15 concentric cylinders. It should also be mentioned that the strike points of high mobility ions (290) 
on the bottom right element (210) are dependent on the ion mobility. The higher the mobility, the 
fiirther upstream the strike point. A DMA outiet could be placed in the bottom right element 
(210). 

20 [0041] This particular embodiment of the invention shows how the presence of one junction 

affects the characteristics of an MA. In this case the bottom right element (210) is attractive with 
respect to tiie bottom left element (220). If the polarity of these elCTioits were reversed, so that 
the right element was repulse witii respect to the left 

adiieved. The ions in this reversed polarity device would strike at points on the bottom left 
25 element (220) according to their ion mobility with the higher mobility ions striking closer to the 
junction (250) than lower mobility ions. A DMA outiet could then be placed on the bottom left 
(220) element, but this outiet would not be isopotmtial. 
SIX ELEMENT DEVICES 

[0042] By spedally configuring several elements, separated by junctions, MA devices with unique 
30 charactmstics can be achieved. Figure 5 shows a schematic cross-sectional view of a device with 
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six demrats along with various ion tr^ectories. The device consists of two parallel plates 
separated by a distance L,tiie characteristic distance. The sheath gas (560) flows as indicated 
between the plates from right to left. The bottom plate has a bottom 1^ element (525) and a 
bottom right element (520) separated by a junction (541). The characteristic voltage for this 
device is the potential difference between the bottom left (Vu) and right (Vh,) voltages. Hence in 
dimen^onless terms, Vm*= 0.5, Vhr*= -0-5. The top plate has fi)ur elements separated by three 
junctions (540). The top elemrats pre arranged ^mmetrically above the bottom junction (541). 
The inlet (530) and outiet (535) are located on the top right (500) and top left (515) elements, 
i^ectively. The top left (V^ and top right (Vir) potentials are set at gro^^ The top middle 
right element (505) is at an attractive voltage of Vm^ the top middle left elraient (510) is at 
rqpulfflve voltage (Vmi) such that Vw=^Vmi. In this partioilar device, the top middle elements 
(505, 510) are of half unit length (L/2) and the mlet (530) is a unit distant (L) upstream from the 
bottom junction and the outiet is a unit distance (L) downstream from the bottom junction. As 
will be shown, this device acts like an ion mobility fiher in a sense because it allows only ions 
^vithin a certain mobility range to reach the outiet. This mobility range may be conddered to be 
the bandwidth of the ion mobility filter. 

[0043] The range of mobilities of the ions that can reach the outiet is adjusted by varying the 
voltages on the top middle elements. Figure 5a shows various ion trajectories when Vnir*=-0.28 
(Vna*=0.28). There is a stagnation trajectoiy, shown as a dashed curve, that passes through an 
ion stagnation pomt (570). The ion stagnation trajectory is a single curve from the inlet (530) to 
the stagnation point (570), vAtoro it splits into two branches, one branch (575B) goes to the top 
middle right element (505), the other branch (575B) goes to the bottom left element (S20). As 
was also seen in Figure 2, this splitting into branches beyond the stagnation point is a common 
feature of stagnation trajectories. The ion stagnation pomt (570) corresponds to a K of 1.622 (= 
Ks). There is a set of trajectories (580) for ions with K < Ks These ions are focused on the top 
right middle element (505). There is another set of ion trajectories (590) for ions with K>Ks that 
hit the bottom right element (520). For this particular combination of voltages, the ion fitter is 
closed, with no ions reaching the indicated outiet (535). 
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[0044] As Vinr* is inca^ased sligjifly to -0.27 (Vmi*=0.27) CPigure 5b), two stagnation points 
(571,570) appear for K of 1.594 (Ksu 571) and 1.601 (Ks2, 570). The ion trajectories for ions 
with K < Ksi (580) strike the top middle dem^ (505) while the ion tngectories for ions 
with K> Ks2 (590) strike the bottom right demrat (520). Ions sudi that Ksi< K < Ks2 am pass 

S through the filter and are focused on the outlet. The trqectories of these ions are mariced as 585 
inthedrawmg. As m the three dem^de\dce, the focusing arises finom the synmieti^ 
device and the feet that the ion streamfijnction is a constant. The AK/K for sudi a device is 
.0043, where AK = Ks2-Ksi ,raising the possibility of a resohrtion as high as 228. Provided 
diffiision and/or space diarge do not significantly reduce the resolution, such a low-pass fitter 

10 could be used for Ingji resolution mobility anal/sis and would act like a DMA. 

[0045] increasing Vmr* to -0.2 (Virf*=0.2) (Figure 5c), allows ions with 1. 133 < K < 1.485 to 
pass to the outlet. In this case AK/Kof 0.249 Ti^ch equates to a resolution of only 4. A device 
with such low resolution however, could not be used for mobility analysis but could be used as a 
filt^ fi>r another tandem downstream device. For example, the downstream device may be 

IS sensitive to space charge. Pre-filtering so as to remove any undem'able high and low mobility 
ions may reduce space charge and improve the performance of the downstream device. 

[0046] Ino-easing Vmr* to above -0.15 (Vai*=0. 15)(Figure 5d) allows virtually all ions with 
K<1 .422 to pass through to the oiitlet and acts like a low-pass fitt« or CMA Indeed, when Vmr 

20 =0, which means there is no voltage dififerrace between adjacent top dements^ the six element 
device would behave like a three element device. It should be mentioned that all tiie spedfic 
numbers fi^r the voltages and the assodated K vdues are for illustrative purposes only. Other 
configurations and th^iefore oth^ values of these parameters can be used. For exanq)le, the top 
middle elements (505,5 10) can be either longer or narrower, the inlet and outlet may be doser or 

25 &rther apart. Such changes in configurations should be obvious to anyone skilled in the art. The 
behavior of a device could be determined by solving the appropriate equations (i.e. Laplace's 
Equation for the electric fidd and either Laplace's equation or the Navier-Stokes equation for the 
flow field) for the spedfic dement Iragtiis and locations and then mapping the ion trajectories as 
described above. It is also pos^ble to locate the ion outiet at dififerent positions than the one 

30 indicated. For exanq)le, an ion outiet position on the bottom right (520) dement would act like a 
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DMA outlet because the high mobility ions strike that elemtot acconting to mobility. An demoit 
located at the focal point of the ions on the top middle right deoseat (505)» on the other hand, will 
act as a CMA outlet. 

USE OF AUXILIARY FLOWS 

[0047] We have noted the control ads^mtages oflEered by MAs with junction and stagnation 
points. On the other hand, the focusing feature observed may be a disadvantage in spedfic 
{plications, such as when a traditional DMA response is deared in combination with the 
isopotential feature introduced here. We have noted that focusing is forced by the feet that the 
fluid stieamfunt^on takes the same vahie at the inlet and outlet points. The CMA could ibea be 
turned mto a DMA by fbrdng the streamfimction ^ to take different vahies and ^2 at the 
uyection and sampling points^ respectivdy. Physically this can be achieved by tntrodudng and/or 
extracting a net flow of substantially ion-finee sheatii gas somendiexe between the uyection and 
saiiq}ling points. This net flow of sheath gas yAadi changes the streamfimction between the ion 
inlet and oudet is referred to as auxifiaiy flow. If auxiliary flow 'is introduced in a con£^;uration 
akin to that of Figure 2, some ion trajectories would return to the collector wall hdd at the same 
potoitial as the iiyection port. The critical condition for this to happen is that K= Q¥i- YaVCAi - 
A^). Since now ^1 and differ fi-om each other, Ai - A2 must also be different and only a 
unique moUlity K will readi the sanq>ling point, held at a fixed dectrical stireamfimction A. 
Figure 6a schonatically shows a device nmilar to that in Kguie 2 but with one aunliaty flow 
outiet (625) located directly above the junction (640) in the b6ttom plate. In this device sheath 
gas (660) flows as indicated fi-om right to left between two paralld plates. As in Kgure 2, the 
bottom plate has two danents- a bottom left (620) and a bottom right (610) element s^arated by 
a junction (640). The ioi inlet (630) is on the top plate (600) upstream form the junction (640). 
Low mobility ions are entrained by and extracted through the auxiliary flow outiet (625). The set 
of trtyectories for these ions is marked as 680. The set of trajectories for the high mobility ions 
(690) pass bdow the indicated stagnation tnyectory (675) (dashed lines) and stagnation pmat 
(670) and strike the bottom ri^ demoit (610). The tngectories fi>r ions wifli mobilities in 
between the high and low (685) are not focused and sbike the top plate (600) downsti^am of tiie 
auxiliary outiet (625) at points that depend on the ion mobility. Ions with higher mobilities will 
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Strike the plate faxtber dovm str^im than the Iowa: knobility ions. An oudet (635) located 
upstream from the stagnation tngectoiy but downstream of the awdliaiy outlet would be a DMA 
outlet. 

3 [0048] More than one ausdliaiy flow can be introduced. As shown in figure 6b for a particular 
instance in which the net auxiliary flow in and out cancel each oth^ exacfly . Jn this figure, the top 
middle right element (505) of figure 5 is replaced by an orifice or slit through whidi auxiliary fluid 
is extracted (622) and the middle top lefi: element (510) is replaced with an orifice or slit in which 
auxiliary fluid is input (624). Note that the figure is schematic, as the auxiliary flow introduced in 

10 624 should preferably enter in a suffidendy smooth and strramlined &shion such that the flow 
field remains laminar. This device has three elements: the top plate (600) and a bottom left (620) 
and bottom right (610) elements separated by a junction (640). This input/extraction of auxiliary 
fluid has a sunilar eflfect on the ion trajectories as the middle elements (505,510) in Figure 5. As 
in Figure 5, the device shown in Figure 6b has two stagnation points: one near the auxiliary outlet 

15 (not marked) and the one marked 670. Low mobility ions (680) are extracted through the 
auxiliary outlet (622) \;^e the high mobility ions (690) strike the bottom right element (610). 
The ions between these extremes of mobilities (685) are focused on the indicated outlet (63 1). 
The collected mobility range ("bandwidth") of this device can be manipulated by varying the 
auxiliary flow rate. In order to maintain focusing, and decrease in the auxiliary flow outlet must be 

20 matched by a decrease in the auxiliary flow inlet so the net auxiliary flow is z/esro. Decreasing the 
auxiliary flow rate will widen the bandwidth, ^v^e increasing the auxiliaiy flow will narrow the 
bandwidth, mudi in the same way that changing the top middle element voltages in Figure 5 
changed the bandwidth. This means that auxiliary flows into/out of the analy^g region may be 
used as an attemative to additional elements to produce the desired ion separatioa 

[0049] It should be motioned that an auxiliary flow outlet (suction) may also serve as an ion 
collector outlet. Indeed the auxiliary flow outlets in Figures 6a and b also serve as CtAA ion 
collector outlets. One can easily ima^ne a device which has several auxiliary flow outlets which 
serve the dud fimctionsofchan^ng the stream fimction and as outlets for sampl^^ A 
30 device with multiple ion collector outlets is another unique feature of this invendoa It should be 
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mentioned that vMe^ all auxiliary into the analyzing re^on flow should be substantially ion-ftee, 
auxiliaiy flow out of the analyzbg region may contain extracted ions. 

A TWO ELEMENT DBVICaB 

[0050] An int^esting configuration of elements is shown in Hgure 7a. The device is axi- 
symmetric with three m^or structural components: an inner section (710), an outer section (700) 
and an electrified screen (740) . Note that screea 740 is of the non-^rturbing type, as it is located 
substantially upstream of the analyzing region and has a flow cross section larg^ than that in the 
analyzing re^on; The modest contraction ratio between the screen and the analyzing region 
shown in the figure is just for purposes of illustrations, and considerably larger area rations may 
often be desirable. Another novel features of this device is that the inner section (710) and the 
outer section (700) can be carved firom a migle piece of conducting materiaL Carving firom one 
piece allows for accurate machining, qnd therefore, excellent alignment of the sections. 
Since the inner and outer sections are not electrica% isolated firom one another, tfa^ conqnise a 
single element. 

[0051] The inner section is cylindrical witii radius RI on one end and is "bullet shaped"(715) on 
the other. The ion outiet (730) is a hole drilled through the center line (axis, 750) of the iimer 
section (710). In operating this device, a fraction of the sheath gas is extracted through the outiet 
(730). The outer section is cylindrical with a radius ROl, blending into a larger cylinder of radms 
R02. The conical blending section is referred to as the "trumpet (735)". The angle of the trumpet 
in this device is 17 d^ees but other angles are posdble. A metallic screen (740) is located a 
distance LS upstream firom the tip of the buUet. It is electrified but insulated from the inner and 
outer sections and is, therefore, the second element of tins two element device. A junction (725), 
therefore, exists between the electrified screen (740) and the outer section (700). Sheath gas 
(760) is introduced into the analyzing region through the scrcCTi (740) from right to left. The 
Sheath gas is accelerated as it passes through the conver^g trumpet. Most of the sheath fluid 
passes over the bullet (715) and through the annulus (745) between the inner (710) and outer 
sections (700) and dischaiges through holes drilled (not shown) between theses sections &r 
downstream from the bullet. A fraction of tiie sheath fluid, however, is sucked througih the outiet 
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(730). Ions to be analyzed are introduced througji an M of 
the outer section a distance LI upstream from tiie outlet (730). An attractive potential di£fermce 
is maintained betwem the screen (740) and the ion^/outer sections. It is common practice in 
prior DMA devices to place a screen &r upstream from the analyzang region in order to laminarize 

5 the sheath gas flow, vAudi is the oviy purpose of the screen in such devices. In this device, the 
screen is electrified and serves to generate the dectdcal field in the ana^fzang r^on in addition to 
lamifi^Ting the $heath gas fiow. This screen difiEim also from Tammet's^ in that Tammet's 
screens make the flow tuibulent while the present screens make it laminar. 
[0052] Figure 7b shows the fieldlines (dashed lines) and streamlines (dotted lines) for this device 

10 for the indicated dimensions using RI as the charact^istic length. In terms of dimensionless 
dhnensions, for this device, RI=1, RT=0.05, ROl^, R02=2.764, U=L36 and LS=2.5 As 
drawn, the streamlines begin to the right of the electrified screen and are durected from right to 
left in th^ indicated directipn of the sheath gas (760). The fieldlines^ on the other hand» are 
dkeeted fi:om inner/outer element towards the screen. Near the inlet (720), the radial conq)pnCTts 

15 of both E*(x*) and u(x*) point towards the axis. The axial conq>onents, on the otho: hand, 
oppote each other with the electric field tending to push the ions upstream, towards the sareen 
and the sheath (760) tends to push them downstream towards the inner/outer annulus. One 
striking feature of this device is the vicinity of the bullet, E*(x) points away from the outlet. In 
all conv^ttional DMA's (and in the above mentioned devices), E*(il) is always directed towards 

20 the outlet helping to collect the ions. Li this device, £'*(x) impedes the ion collection. The 

effects of tt(x^) and E^(x^) on ion tngectories (solid curves) are shown in Hgure 7c for a device 
witha l%uilet flow and 2% outlet flow. 

[0053] The dashed curves indicate there are two ion stagnation trajectories (768,772) passing 
25 through ion stagnation points (765) and (770). One stagnation trajectory (768), corresponding to 
Ksi passes through the off-axis stagnation point (765), where it branches. One branch goes 
around the bullet and into the inner/outer annulus while the other branch goes to the outlet (730). 
The otlier stagnation trajectory (772), corresponding to Ks2 passes through the on axis iofa 
stagnation point (770) where it branches. One branch goes along the axis (750) to the screen 
30 while the other branch goes along the axis to the outlet (730). Figure 7C shows two sets of ion 
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trqectories. One set (775) is for ions with K < Ksi . These ions cannot reach the outlet (730) and 
are pushed downstream by the sheath gas throiigh the inner/ outer aimulus and exit through a 
series of holes drilled into the bade of the device (not shown). The other set of tr^ectories (785) 
is for ions with K>Ks2- These ions cannot reach the outlet and are attracted upstream to the 
screen'(740). Only ions withaKsi <K<Ks2 approach sufficiently dose to the outlet (730) to 
be entfained by the fiactional outlet flow and collected. One consideration in deigning an MA is 
to separate the tr^ectories of the collected ion by the greatest distance from the oth^ tngectories. 
If spatial separation were the only consideration, the fiict that there is a defidenc^ of trajectories 
near the bullet indicates the strong possible resolving power of the device. 

[0054] An essential feature ofthe above device dearfy is the outlet flow pe^ 
a threshold vahie for this outlet flow (Qot), bdow ^di there is no signal because the repulsive 
dectrical Add at the tip oftfae bullet inq)edes ion collectioa This is shown in I%ire7d for the 
case of Qo 0.25% . In this flgure, the two ion stagnation pomts (765,770) are on the axis and 
correspond to the same ion stagnation traj ectoiy (772) but there is not enough oudet flow to . 
coimteract the outwardly directed electrical Add. After passing ion stagnation point 765, the ions 
move tangentially around the bullet into the inner/out^ aimulus creating an ion-free region near 
the outlet (except by difiiision or space charge effects). It should be noted that the stagnation 
tr^ectoiy has a second branch that is not shown.. This second branch in this cross-sectional view 
passes below the axis and around the underside of the bullet. Increasing the outlet flow (Qo - 
0.5% Figure 7e) allows ions within a v^ narrow range of K to reach the outlet (730). Hence, Qot 
fi>r this device is around 0.5% 

[0055] The effect of Qo on resolution and transmission is shown in Figure 8a. In tiiis flgure, the 
transmission curves for various Qo when the inlet flow (QO is much less than 1%. Notice that the 
transmission increases with increasing Qo. For Qo = 1%, the transmission is 50% and increases to 
95% as Qo is 1.5%. Full transmission is attained for Qo > 1.5%. While the transmission is low, at 
Qo='l%^ the resolution, as defined by Eqa(3) is excellent (Res 205). Increasing Qo to 1.5%, 
increases the transmission but reduces the resolution to 170. The resolution decreases to 109, 73 
and 55 for Qo=^%, 2.5% and 3%, respectively. So, there is a trade-off between transmission and 
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resohitioiL V^Wghr^ohrtionscanbeacMewedbutatthecostoflowt^^ Ihcrea^ng 
the inlet flow (Q) efifects the tcansadssion curves because a higher Qi means a higher ion velodty 
and more spread in the ions as Ihey emerge fiom the inlet. 

5 [0056] Figure 8b shows the transmission curves for Qrl% with various Qo. For Qo=l%, the 
transmission is only 3 5%, but the resohition is 25 5 using the strict definition of resohition as the 
width at half height. At Qo= 1 . 5% the transmission increases to 60% and the resolution decreases 
to 93 . That a high resohition MA can be buift based on the prindples presented hwe is shown in 
Figure 9. This figure diows inverse resohition (IRes) as a function of Voltage for the mobility 

10 anafysis of teraheptylammonium+ monomer ion (Z = 0.96 oxx^fW /s) and dimer ion (Z=0.67 cm^A^ 
/s) for a workmg two dment device. In the working device, the actual dimensions are M- 
0,75^ R01=1.5", R02 = 2.073^ LS = 1.875", U = 1 .02"and RT = 0.05". The ion outiet (730) 
was portioned at tiie throat of tiie trumpet (where tiie tt The 
mlet andoutirt flow rates weremaintasnedrat 1% and 2% of the total sheath gas flow rat^ 

IS respectively. Note that the inverse resolution can be as low as 2% [and with some.data pomts as 
low as 1.9% for the monomer ion and as low as 1.5% for the dimer ion]. (MiartinezrLozano, 
Labowsky, Fernandez de la Mora, 2004, in preparation). Similar to the othw devices shown 
above, tins device is also isopotential. The inlet (720) and outiet (730) are on the same element. 
The two elem^ device, however, needs an outiet flow in order to collect the ions. Further, the 

20 sheath gas flow is accelerating in the analyzing region and the outiet is on the axis of the device. 
[0057] Accoidmg to one aspect ofthecun-CTt invention, the sheatii gas ^ 
immediately downstieam of the soreen and tiiis acceleration coupled witii the proper screen wire 
fflze and transparenqr (de La Mora, Diflfiidon Broadrau^ m Conv^rguig Mobility Analyzers, J. 
Aerosol Sdence, Vol. 33, pp. 411-437, 2002) helps lammarize the flow allowing for high 

25 Reynolds number flow in the analyzing regioa A Reynolds number in excess of 30,000 was 

adiieved in the working two element device mentioned above. Hence, in contrast with Tammet's 
designs, the presence of the electrified screen in this device does not prevent keepmg the flow 
laminar at ratiier high Reynolds numbers. 
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[0058] Another posable novd feature of this device, is to use the screen (740) as a "high pass" 
CMA outlet for all the ions with K> Ks2. This is possible because the screen (740) is insulated by 
the junction (725). Since the sareen (outlet) is upstream fix>m the inlet, the outlet (so^een) is 
upstream firom the inlet and is a non-isopotoitiaL There are several pos^le variations of the 

S screen as collector idea. The screen could be nmde to act like a DMA by introdudng a junction 
and a second element on the outer section upstream fix>m the inlet and downstream of the screen. 
Such a device would then have three elem^its and two junctions. By maintaining an attractive 
voltage on the upstream outer section elem&A, the highest K ions would be attracted to this new 
upstream outer elCTient. Some ions with somewhat lower K values, howev^ will still strike the 

10 screen. Hence by u^ng this coiifiguratioii, the screra-coUector would act 1^^ 
(collector). 

[0059] There are man^ other possdble devices that can be made based on the disclosed prin<^les. 
The two elment configuration could be made into a three-demoit device by insulating the inner 

15 section fiom the outer section, making the iimer section another elemesA. A bias voltage on the 
inner section (now element) may have certain desirable characteristics for collecting ions. Such a 
device with an attractive bias voltage on the inner section would decrease the amoimt of outiet 
flow requirwi to collect ions. Conversely, a slightiy repulsive bullet bias voltage may improve the 
resohition. While this device with a bias voltage would not be isopotential, it may be consid^ed 

20 to be ^eariy isopotential." A nearly isopotential device may be considered one in which the 
absolute value of the voltage dif^ence betwera the inlet and outiet is less than 60% of the 
absolute value of the maximum^ voltage difference between the inlet and any other element in the 
•device. In this two element device, this maximum voltage difference is the vohage difference 
between the inlet and the screen. 

25 

AXIAL ION INLET DEVICES 

[0060] The principles d^onstrated in tiie above examples can be used to create many other 
devices. In the two elemrat device, the ions were injected on the outer section and collected on 
the a»s. It is also possible to have the ion inlet on the axis. Figure 10 shows the ion trajectories 
30 in one such ani^symmetrical device. This device consists of an outer cylinder (1000, 1020) of 
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radius R2 inside of wiiidi is an inner dement (1010). This innw draient (1010) is c^indrical (Ri) 
on one end bullet shaped on the other. The characteristic length for this device is Ri. For this 
particular device shown, Rr=l .3 Ri. The outer qflinder has two denoients separated by a junction 
(1040). The outer right dement (1000) voltage is the outer left dement (1020) voltage is Voj 
5 and tiie bullet OnnOTdement(1010)) voltage is Vb. 

[0061] The bullet in this example is ellipsoidal in shape with an axis ratio of 3:1, but other values 
are possible. Choosing the characteristic vott^e difference as the vohage difference between the 
outer left and right elements, the dimrasionless voltages are V*or= 0.5, V*b=0 and V*cr = -0.5 in 
10 this example. Hence the outer right element (1000) is attractive and the outer left element (1020) 
is repulsive with respect to the ion inlet (1030)« As indicated, sheath gas (1060) flows from ri^ 
to left. 

[0062] The bdiavior of this device is quite mteresting. The dashed trajectory (1072) is the 
15 stagnation trajectory v^ch branches out after passes through the indicated stagnation point 

(1070). Ions that pass through this point have a K of Ks. Upon leaving the inlet, the electrical 
fields are such that the ions are attracted upstream by the outer right dement (1000). Opposing 
this upstream motion is the downstream action of the sheath gas (1060). Ions with K < Ks have a 
mobility that is too low to penetrate far upstream and are pushed downstream by the sheath gas. 
20 If the outer right element (1020) were not rq)ulsive, these ions would pass through the annuls 
region between the inner and outer dements. However, the outer right dement is repulsive, and 
of suffidCTt sfarength to force these ions bade to the inner dement (1010). The tngectories for 
ions with K<Ks are marked 1075. If an outlet were placed at the strike point (1050) on the 
inner dement, such an outlet would be an isopotenial CMA Outlet. Further sudi an outlet is on 
25 the same element as the inlet and the ions are focused on this outlet. 

[0063] Ions with K > Ks can penetrate fiirther upstre^ after leaving the inlet but eventuUy reach 
a point where the downstream action of the sheath gas is greater than the upstream (qxial) 
attraction of the out^ right elment (1000) . The decbical fidd in this region, however, has a 
30 radial as wdl as an axial component. While the axial component is not sufQdenlly strong to pull 
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the ions upstrram against the sheath g3s, the radial conq)onent attracts the ions to the outer right 
element (1000). The ions strike this dement at points which are dep&adent on the ion mobility. 
Hence, if an outlet (lOSS) were located on this elemrat, it would be a DMA outlet. Such an 
outlet, however, would not be isopotential, but the dimdi^onless voltage dijOTerence between the 
5 mlet (V*b) and the outlet (V VV*o,N).5) is half that of the Prior Art DMA shown m Figure 1 and 
halfthe maximum voteage difference that exists in the device. This maximum dimensionless 
voltage difference would be the voltage difference between the outer left and outer right voltages 
(V*oi-V*or = 1, smce Voi-Vor = Vo). Also note that as shown, the DMA outlet (1055) is upstream 
from the mlet (1030). 

10 [0064] This device shows many of the same properties of the other devices discussed in this 
patent: 1) the presence of a junction 2) the presence of an ion stagnation point 3) an isopotential 
outlet 4) an outlet that is on the same element as the udet 5) an outlet that is at the focal point of 
the ions! In addition, however, this device 6) diows an inlet that is on the axis of the device and 
7) an outlet that is upstream from the hilet. 

15 [0065] There are many variations on this device. As shown, the junction (1040) is located 

radially above the ion inlet (1030). The inlet could be upstream or downstream of the junction. 
The dimensionless voltages of the elCTients can also be varied. The bullet can have a different 
shape than tiie one shown provided that the shape does not introduce any flow ur^gulaiities in the 
anafyzing r^on. All such changes would affect the value of Ks and the location of the ion focal 

20 point. One could easily envision a device with more than two outer elements (more than one 
junction). Indeed, it would be possible to have several outer elements with voltages such that the 
resulting electrical field has a linear axial conq)onent. One such device is shown in Figure 11 

[0066] This device consists of an outer C3^der (1 100) and an ixmec cone shaped bullet. The 
25 outer cylind^ contains many junctions, indicated by perpendicular lines inside the outer cylinder 
(11 00). The numerous elements in the outer cylinder are between the jimctions. The 
dimensionless voltages on each element are set such that there is a linear progression in the 
voltages from down stream to upstream. The negative numbers above the outer cylinder (1 100) 
show the approximate value of the dimensionless voltage on the elem^s below the numbers. 
30 This progresdon is such that the upstream voltage is lower (more attractive) than the downstream 
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voltages. The bullet in tMs case has a large axis ratio and approximate a cone, but can have other 
shapes. Theioninlet (1120)isasniaflholeatthetipQfthebunetwMchisatgroxind. The 
tiqectories oftiie ions are with various K values in iitt^als of AK of .1 ar^ 
trajectory that is %thest to the Ifeft (1070) is for K = 0.2. The next trajectory (1071) is for K = 0.3 

5 andsofbrth. The rfieathg»s (1160) flows into the device from right to left. An outlet could be 
placed anywhere on an element in the outer cylinder (no outlet is indicated in the drawing). The 
presence of stagnation p oints is not obviou? from this drawing, but they do exist in the vicinity of 
the junctions. Indeed, this device has many ion stagnation pomts. This device is not isopotential 
but the large spatial separation ii^ the trajectories is an indication that in the absence of difiusion 

10 and ^ape charge efifects, the resohriion of such a device may be high. It should also be noted that 
vMe the out^ c^ind^ has a linear vohage distribution, but other voltages distributions are 
posdble. 

[0967] In the all the above axi-symmetrical (AS) devices, it may be de^rable to make the outer 
15 element(s)conicd rather than cylmdrical so the sheath gas is accelerating in to 

the possibility of sheath gas flow irregularities. For the 2D devices, the plates may be slightly 
conver^g to accelerate the flow. It should also be remembered that 2D equivalents of the AS 
devices can be made and vis versa. 

[0068] This patent spedfication shows only a few of the many possible embodiments of the 
20 mvention. Many other devices can be made based on the principles disclosed here. In the maimer 
desoibed above» the present invention thus provides a method and iq)paratus to separate ions 
based on tfadr ion mobilities. While this mvention has been described witii reference to the cert^ 
embodunents, these CTibodunents are ittustrative only and not limiting, having been presented by 
way of example. Other modifications will become apparent to those skilled in the art by study of 
25 the specification and drawings. It is thus intended that the followmg appended claims include 
such modifications as &11 within the spirit and scope of the present inv^tipn. 
[0069] What we claim is: 
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